In-stent thrombosis is a major complication of stent implantations. Unlike pathological occurrences as in-stent restenosis for instance, thrombosis represents an acute event associated with high mortality rates. Experiments show that low wall shear stress promotes undirected endothelial cell coverage of the vessel wall and therefore increases the risk of thrombus formation. Stent design represents a crucial factor influencing the surface areas of low wall shear stress and thus the incidence of acute in-stent thrombosis.
Introduction
Areas of low wall shear stress in coronary arteries are associated with undirected endothelial cell coverage and therefore an increased risk of platelet attachment and clustering [1] . These processes potentially promote thrombus formation. Suffering from inferior mechanical material properties and therefore bigger strut dimensions, bioresorbable stents represent a more severe barrier inside the blood flow compared to modern ultra thin-strut drug-eluting stents. In particular, the stent strut hight is one of the most sensitive stent design parameters regarding the alteration of blood flow. Thus, areas of low wall shear stress (WSS) are potentially more pronounced for bioresorbable stents [2] . In this regard, stent design optimization from a fluid mechanical point of view represents a promising approach to minimize the risk of in-stent thrombosis.
Computational fluid dynamics (CFD) recently became an accepted and reliable in silico tool in analyzing flow characteristics of vascular implants. CFD offers the possibility to identify and to quantify areas with low wall shear stress in stented vessels such as the coronary arteries [3, 4] .
The overall aim of this study is to reduce the thrombosis risk of stents. Therefore a first approach of the mathematical optimization algorithm Nelder-Mead applied on a a generic stent design was analyzed regarding the thrombosis risk by means of CFD.
Materials and Methods

Parametric stent design
As a basis for design optimization, a fully parametric stent design is necessary. The parametric stent was designed using Creo Parametric 3.0 (Parametric Technology Corp., Needham, MA, USA). An open cell design as described by other groups for the modeling of bioresorbable stents was used [5] .
Beside the strut height, the strut width, the rounding of the strut cross-section, an angle and a radius are used as obligatory stent design parameters (Figure 1) . The range of the stent height and width was chosen according to typical dimensions of bioresorbable stents whereas the range of the remaining parameters was chosen considering the result as a reasonable, constructable stent design. The lower and upper bounds of the parameters are shown in Table 1 .
Based on the described design, each strut row has an individual length Lrow. The distance d between two strut rows was set to 0.3 mm. Therefore, final stent models exhibit different numbers of strut rows so that their total length ranges from 9.0 mm to 11.0 mm. All stents were constructed with an outer diameter of 3.0 mm. The connectors of the separate strut rows were neglected in this study. 
Vessel model and mesh generation
The intra-stent flow of the different stent designs was simulated in mock vessels with a reference vessel diameter of 2.7 mm. Inside the stented area, a vessel diameter of 3.0 mm according to a stent-overexpansion ratio of 1.0:1.1 was chosen [6] .
The mesh generation was performed using the meshing tool snappyHexMesh, which is implemented in the OpenFOAM framework. After performing a mesh convergence study with the initial stent designs according to wall shear stress distribution, final numerical flow meshes of three to six million cells depending on the stent design were created.
Optimization approach
To optimize the presented stent design, the Nelder-Mead approach was chosen [7] . The advantage of this approach is that it does not require a derivation of the target function. 
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vessel surface resulting in a dimensionless and normalized metric ̅̅̅̅̅̅̅ . Any optimization step requires initial parameters. Therefore three parameter sets, which consists of the five parameters described in chapter 2.1, have to be generated randomized, resulting in three different stent designs, see Figure 3 . After performing numerical fluid simulations with identical boundary conditions, the normalized area of low wall shear stress of all three stent designs was evaluated and compared. Nelder-Mead approach eliminates the stent design with the worst performance regarding the thrombosis risk. Using the parameter sets from the remaining stent designs, new parameters were calculated from the parameters of the eliminated stent design by means of Nelder-Mead approach. Here, only the construction principle of reflection is used for each individual parameter, see eq. 1 and 2:
where pnew is a parameter of the newly calculated parameter set, pold is a parameter of the eliminated stent design, β is the reflection coefficient, which in this case equals 1, N is the number of initial parameter sets and m is the mean parameter value of the remaining stent designs. The two remaining stent designs in addition to the stent design resulting from the newly calculated parameters represent the initial stent designs for the next optimization step. 
Computational fluid dynamics
Numerical flow simulation is performed using the open source software OpenFOAM (OpenCFD Ltd. (ESI Group), Bracknell, UK). To simulate physiologic flow conditions we determined the Reynolds number to be 250. Mean inlet velocity of 0.331 m/s and no turbulence model were applied due to laminar flow conditions. To recreate the nonNewtonian character of blood the Carreau model was implemented using the parameters of Johnston et al. [8] . Stiff vessel walls, a slip condition at the entrance length of 3 times the diameter and a no-slip condition on the walls and on the stent surface are assumed (Figure 4 ). 
Results and Discussion
The influence of different stent designs on the wall shear stress distribution was evaluated. Thrombus formation is linked to regions of low wall shear stress. Malek et al. defined a wall shear stress with a threshold value of 0.4 Pa and below promoting the accumulation of blood components [1] . To evaluate and compare the influence of different stent designs on regions of wall shear stress the dimensionless metric ̅̅̅̅̅̅̅ will be considered. Table 2 shows the randomized parameters of the initial parameter sets resulting in the initial stent designs as shown in Figure 3 . The parameters of designs 4 and 5 were calculated by means of Nelder-Mead approach. Figure 5 shows that stent design 5 is the most preferable with regard to the thrombosis risk. The stent design 5 is Figure 6 . Stretched strut rows were identified as well as sharp angles at the bends as optimal design parameters regarding the thrombosis risk. Furthermore, stent design 5 features the maximal rounding of the stent strut cross section possible. These stent design features could positively affect the potential platelet aggregation area. 
Conclusion
The study describes the feasibility of the optimization of a stent design with regard to its thrombosis risk using the Nelder-Mead approach. Based on the results stent designs with small intra-strut angles as well as a stent strut with a large rounded cross-sectional area lower the thrombosis risk caused by areas of low wall shear stress. Whereas, from the structural-mechanical point of view, lengthened strut rows influence the flexibility of the stent system. Further studies should consider structural as well as fluid mechanical aspects to obtain an optimized stent design. Moreover, the parametric stent design can be extended considering connectors or additional degrees of freedom. 
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